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Abstract: Water is one of the most significant causes of lubrication failure. There is little research on the direct
observation of the impact of water on lubrication properties. In this study, the influence of water on oil
replenishment under different elastohydrodynamic (EHD) lubricating conditions is evaluated using optical
interferometry and infrared microscopy, and a dimensionless criterion when water influences the film thickness
is proposed. Evidence shows that the scour displacing effect and emulsification of water/oil are the main reasons
for the reduction in film thickness. Once a water droplet enters an oil reservoir around the critical contact zone,
it hardly moves away. This aggravates starvation, reduces the center film thickness of the contact, and leads to
lubrication failure of the mechanical components.
Keywords: free water droplet; point contact; starved condition; film thickness

1

Introduction

Research shows that particles, moisture, and other
pollutants can cause severe damage to rolling bearings,
and 25% of the early failure of bearings is caused by
the pollution of the lubricating oil systems [1–3]. To
achieve long-term stable operation for offshore fans,
dental drilling machines, and other machines working
in humid environments, we must pay special attention
to the effect of water on the lubrication system [4, 5].
The sources of water in oil products include water
entering because of poor sealing of the mechanical
system, and the condensate produced because of the
cold and hot alternate cycles during the start and stop
of the mechanical system.
Three forms of water exist in lubricating and
hydraulic oil: dissolved water, free water, and emulsified
water. The solubility of water in lubricating oil depends
on the type of base oil and additives. For most
lubricating oils, the solubility of water is usually
400–600 ppm. Dissolved water means that the water

content is less than the saturation of the lubricating
oil, and the oil is in a transparent state; therefore, it
cannot be judged visually that the lubricating oil is
polluted by water. When the water content in the
lubricating oil exceeds saturation, or additional water
droplets enter the oil, the mixture forms micro-sized
water/oil emulsions or macro-sized free water droplets.
In some applications, water/oil emulsions are used
as special lubricants. The flow and film formation
mechanism of water/oil emulsions in an elastohydrodynamic (EHD) lubricating contact has been studied
extensively by Wan et al. [6, 7]. However, few studies
on the effect of visible free water droplets on lubrication
have been reported. Generally, the amount of dissolved
water is relatively small, which has a low impact
on the performance of lubricating oil. Water-in-oil
emulsions are usually synthesized for special application
purposes. The only problem that needs to be studied
further is the existence of undesired water droplets
that occur in contact. The existence of this type of
water is very dangerous not only for the lubricant but
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also for lubrication in mechanical systems, which
may lead to severe premature failures [8–10].
The effect of water on lubrication systems can be
divided into two categories: long-term and instantaneous effects. Long-term effects include changes in
the physical and chemical properties of lubricating
oil and corrosion of the metal contact pairs [11–14].
Short-term effects are the instantaneous changes in
the lubricating characteristics of the oil after water
enters the lubricating oil, such as a decrease in viscosity
and the weakening of the film-forming ability, which
causes wearing of the metal contact pair. Presently,
research on the effect of water on lubricating systems
mainly focuses on changes in the long-term physical
and chemical properties of the lubricating oil [15–17].
However, before the water changes the physical
and chemical properties of the lubricating oil, it can
change the lubrication characteristics of the contact
area [18–21]. In addition to little research on the
lubrication characteristics of emulsions, there are few
direct observations and research on the influence of
free water on the lubrication characteristics of the
lubrication contact area. In this study, interference and
infrared microscopy were used to directly observe
the interaction between free water and the oil reservoir
in the point contact area. The results can play a
theoretical guiding role in exploring the early failure
mechanism of the mechanical components caused by
free water, and carrying out the protection work of
water pollution.
This study mainly examines the state of oil starvation
caused by micro oil supply. One of the significant
reasons is that the oil starvation state is the most
common working state of grease lubricated bearings
because most of the grease is squeezed to both sides
of the rolling track in the work, and the lubrication of
the contact area is realized by the reflow of the oil
separated from the grease on both sides of the contact
area [22]. Moderate oil starvation reduces the heating
of the bearing and lubricating grease and improves
the bearing life. The bearing fails only when the
oil starvation is severe. There are many similarities
between oil and grease lubrication in the starvation
state. Therefore, it is of great significance to evaluate
the influencing factors of the oil starvation state under
the condition of micro oil supply, and explore the
influence of free water on the degree of starvation, not
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only for the mechanical parts working in the starved
lubrication, but also for the design and use of grease
lubricated bearings.
There are two lubrication conditions in the point
contact structure of micro oil supply: fully flooded
and starved. In this study, further research will be
conducted on the influence of free water on oil
lubrication characteristics in the contact area under
these two lubrication conditions to further reveal the
influence mechanism of free water on the film-forming
characteristics with the measurement and analysis of
the oil reservoir, rolling track in the contact area, and
reflow characteristics.

2

Experimental device and method

A schematic diagram of the experimental device is
shown in Fig. 1. In the experiment, a ball-on-disk test
apparatus with an optical interference microscope
was used to measure the influence of free water on
the film thickness, inlet distance of the oil reservoir,
track width, and reflow speed. When the amount of
oil supply is fixed, the degree of starvation becomes
severe with the increase in speed. In this study, PAO8
is used as a tested oil sample with a moderate viscosity
of 50 mm2/s (40 °C) and good reflow characteristics,
which can realize a smooth transition from the condition
of fully flooded to starvation under micro oil supply;
it is selected as the lubricant for the present study.
For our experimental device, a 10 μL oil supply is the
most ideal, and can realize the transition from fully

Fig. 1 Schematic diagram of the experimental setup.

www.Springer.com/journal/40544 | Friction

Friction 10(3): 388–397 (2022)

390
flooded to starvation in the most stable speed range
of 0–1 m/s. Speeds of 100, 350, and 700 mm/s are
chosen as the representative speeds of the fully flooded,
moderately starved, and severely starved lubrication
conditions, respectively.
In the experiment, the ball was supported by three
bearings mounted on top of a pedestal. The pedestal
was mounted on one side of a lever, and a weight was
placed on the other side of the lever to control the
load applied. After loading between the ball and disk,
the rotation of the glass disk drives the steel ball to
rotate in a nearly pure rolling manner, and the steel
ball also drives the three support bearings to rotate
smoothly.
For the study of starvation, the main challenge is to
precisely control the oil supply and evenly coat the
little amount of lubricating oil on the track between
the ball and disk. As shown in Fig. 1, when the load
was applied, a wedge-like gap formed between the ball
and plate. After starting the motor, approximately
10 μL lubricating oil is evenly applied on the track,
and a 2 μL water droplet is added to the lower surface
of the glass pan in the same track as the oil reservoir
after the oil reservoir and film thickness in the contact
area are stable. When the motor drives the glass disk
to rotate, the water droplet is carried by the glass disk
and moves towards the oil reservoir at the same speed.
The effects of the water droplets on the lubrication
conditions and film thickness at different speeds were
observed. The white light microscope and high-speed
camera mounted on the system recorded the entire
process of water droplets entering the oil reservoir
through a transparent glass disk; the image acquisition
frequency was 100 fps. In the experiment, the load
was 10 N, the corresponding Hertz contact pressure
was 550 MPa, and the Hertz contact radius between
the ball and disc was 100 μm. The experiment was
performed at 25 °C, and the relative humidity was 30%.
The film thickness obtained in the experiment has
good repeatability, and the subsequent film thickness
data are obtained from the average value of two
measurements.
Because the working temperature of the bearings
can reach 180 °C, the invading process of free water
into the oil reservoir at 2 mm/s was also observed
at 180 °C using an infrared microscope, to study the
practical effect of free water in high-temperature

contact pairs. A heater was inserted into the pedestal
to control the temperature. Detailed information on
the procedure for high-temperature heating and
monitoring can be found in Ref. [23].

3
3.1

Experimental results
Effect of free water droplets on the oil reservoir
at different operating speeds

First, the influence of water droplets on the oil reservoir
in the contact area under different lubricating conditions is discussed. This section is significant for
understanding the flow and film formation mechanism
of the oil–water separated phase in and around the
contact area.
As shown in Fig. 2, there is a certain depression on
the meniscus at the entrance of the oil reservoir when
the speed reaches 100 mm/s; however, the inlet distance
is still 260 μm from the boundary of the contact area,
so the contact area is still in a fully flooded state at
this time. Subsequently, a 2 μL water droplet is added
to the lubricating oil track on the lower surface of the
glass disk. The water droplet rushes to the oil reservoir
and gets stuck in its depression. However, the wettability
of the water droplet to the solid wall is considerably
less than that of the lubricating oil; therefore, the water
droplet cannot directly enter the oil reservoir under
the effects of the flow field of the oil reservoir and the
centrifugal force. Finally, the water droplet stays on
the rolling track and constantly washes the side of the

Fig. 2 Influence of a 2 μL water droplet on the oil reservoir
under different lubricating conditions.
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oil reservoir, which slightly reduces the volume of the
oil reservoir. Accordingly, the inlet distance reduces
to 215 μm.
When the speed is increased to 350 mm/s, the inlet
distance of the oil reservoir to the contact is reduced
to only 50 μm. Similarly, a 2 μL water droplet is added
to the rolling track of the glass disk. At this time, the
water droplet directly breaks through the oil meniscus
and passes through the contact area. With successive
shearing, the entire droplet gradually decreases in
size, and finally disappears from the field of view. The
inlet of the meniscus, which is close to the edge of
the contact area, completely goes into the contact area
after being washed by the water droplet.
When the speed increases to 700 mm/s, the inlet
meniscus of the oil reservoir moves to the contact,
indicating that the contact is likely under severe starved
conditions. A water droplet of 2 μL is added again
to the rolling track of the glass disk. Because there is
almost no lubricant connecting the two parts of the
oil reservoir, the water droplet easily enters the contact
area under the shear force and is quickly “consumed”
by successive shearing. From the captured photos,
the gray value of the contact area drops significantly,
indicating that the contact area is severely starved.
3.2

Effect of water droplet on the film thickness
under different lubricating conditions

To further analyze the evolution of the lubricating
conditions under the influence of a water droplet the
central film thickness of the contact is calculated in
Fig. 3.
The lubricating conditions with and without water
droplets can be evaluated according to the Hamrock
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and Dowon equation [24]. A dimensionless parameter
m* is used to define the critical state between the fully
flooded and starved conditions.
m*  1  3.06  (( R1 / a)2  H )0.58

(1)

where R1 and a are the radii of the ball and contact,
respectively. H  hc / R1 , which is the ratio of the
central film thickness over the radius of the ball. If
D  a  a  m* , the contact is fully flooded; if D  a 
a  m* , the contact is starved. D represents the inlet
distance.
At 100 mm/s, the calculated D + a = 360 μm, which
is considerably larger than a  m*  101 μm; therefore,
the contact is under the fully flooded condition. The
film thickness difference between the two cases (with
and without free water) is less than 3 nm. The presence
of the free water droplet does not change the lubricating
condition in this case. Therefore, it can be deduced
that at a relatively low rolling speed, the lubricating oil
can form a complete and stable oil reservoir around
the contact area. A water droplet can neither remain
stable in the inlet area, nor break the oil meniscus and
go through the contact.
At 350 mm/s, the calculated D + a = 150 μm and
a  m*  115 μm. Therefore, the contact is still under
the fully flooded condition; however, it is under a
progressive lubricant starvation condition. In this
case, it is observed that the water droplet has an impact
as it passes through the contact. Subsequently, the
inlet meniscus of the oil reservoir moves into the
contact, and the central film thickness drops rapidly
from 120 nm to approximately 80 nm, which indicates
that the contact enters the starved condition.
At 700 mm/s, the calculated D + a = 100 μm and

Fig. 3 Influence of a 2 μL water droplet on the film thickness under different lubricating conditions.
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a  m*  115 μm. The oil meniscus of the oil reservoir
moves into the contact even in the case without water
droplets, which indicates that the contact is starved.
When the water droplet is added, the film thickness
drops sharply from 120 to 50 nm. The contact area is
in a state of severe starvation, and the destructive
effect of the free water droplet on the film-forming
ability of the oil is more significant.

4 Discussion
The mechanism of film formation and displacing effect
of a water-in-oil emulsion has been studied extensively
[6, 7]. For a water-in-oil emulsion lubricating system
under fully flooded conditions, the basic film thickness
is maintained by the oil, while the water particles
may increase the viscosity of the lubricant, which
contributes to the increase in film thickness. However,
in the present study, limited oil is added to the disc,
and only one large water droplet separated from the
oil phase is trying to enter the contact. The viscosity
of the lubricating system does not change, and the
amount and dimensions of the water droplets and oil
are comparable. Under this condition, the mechanism
can be more complex at the air-oil-water interface.
In this section, the mechanism of the effect of free
water on the film-forming ability is further discussed.
From the above experiments, three stages of the water
droplet entering the contact can be determined as
follows: (1) First, the free water droplet rushes to
the oil reservoir and is stuck at its entrance, which
significantly affects the reflow caused by the capillary
force at the inlet of the contact area. However, this
reflow part is the main part of the lubrication supplement under the starved condition; (2) when the inlet
distance is relatively short, the free water droplet
breaks through the oil film in the entrance area, and
is gradually sheared. Under the effect of contact
pressure, the water penetrates the oil film contact, thus
replacing the oil layer in the track; (3) with continuous
shearing, an increasing number of water molecules
remain inside the track until an equilibrium is reached.
Additionally, the existence of a water component
inside the track significantly reduces the reflow ability
of the oil. Although the proportion of the reflow in
the track outside the contact area is small, the change

in surface tension of the track also affects the reflow
ability around the contact area.
Detailed analysis and more evidence on the proposed
mechanism are given as follows.
4.1

Effect of free water on the reflow at the entrance
of the oil reservoir

In the experiment setup, the stable oil reservoir near
the contact area is the result of the dynamic balance
between the rolling loss and reflow supply. Therefore,
regardless of the reflow in the oil reservoir or the reflow
in the rolling track outside the contact area, it cannot
be directly observed under dynamic experimental
conditions [25, 26]. However, we can still observe the
reflow near the contact area and in the rolling track
outside the contact area by stopping the motion of the
friction pair. We can also determine the effect of the
free water droplet on the lubrication replenishment
process, which is affected by capillary and van der
Waals forces from the observed reflow phenomenon
[27–30].
Figure 4 shows the capillary reflow process of the
oil at the entrance of the contact area after stopping
the motor. It can be observed that the capillary effect
of the lubricating oil is obvious because the space
near the contact area is small. After the motor stops,
the two parts of the oil reservoir quickly close from
both sides to the middle. Within 1 s, the rolling track
in front and behind the contact area is completely

Fig. 4 Process of lubricating oil reflow back to the inlet of the
contact area.
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filled, and a round oil reservoir is recovered. It can be
concluded that capillary reflow plays a significant
role in the dynamic starved lubrication process from
the time required for capillary reflow after the motor
stops.
Figure 5 shows a comparison of the rolling tracks
affected by water droplets at different speeds. In the
previous study, the inlet distance at the entrance was
210 μm at a speed of 100 mm/s, and the contact area
was under the fully flooded condition. The water
droplet could not break through the oil meniscus in
the inlet area, thus it could not enter the contact area.
Therefore, after a sudden halt of the ball and disc, oil
reflowed rapidly back to the track, indicating that the
nature of the oil and rolling track changed slightly.
When the rolling speed exceeded 350 mm/s, the inlet
distance of the oil reservoir decreased to less than
50 μm, and the water droplet passed through the oil
meniscus and entered the contact. Afterwards, the
large water droplet was sheared into smaller droplets
because of the high contact pressure; the water and
oil mixture adhered onto the entire rolling track.
The presence of water content on the track surface
significantly prevented oil from reflowing back. The
consequence was that the boundary between the
rolling track and oil along both sides was still clearly
visible even after a considerable period of time,
i.e. several minutes. At a higher speed of 700 mm/s,
the boundary of the track was clear, and another
intermediate state of emulsion occurred in the middle
of the track and oil phase. It can be speculated from
the captured image that the emulsification is more
like the oil in water emulsion because the boundary
between the oil and emulsion phases is distinct.
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penetrate into the contact area is a speed of 350 mm/s
and inlet distance of 50 μm. However, it is still unclear
which of the two critical conditions is dominant,
leading to the water droplet entering the contact
area. If the speed is the decisive condition, then by
increasing the oil supply and inlet distance, the free
water droplet should also pass through the contact
area at a speed of 350 mm/s. However, if the inlet
distance is the decisive condition, the water droplet
should pass through the contact area at a lower speed
by reducing the oil supply. To answer this question,
further experiments are carried out as follows.
The rolling speed was maintained at a constant of
350 mm/s, and oil supply was increased from 10 to
15 μL. The results are shown in Fig. 6. With 15 μL
of oil supply, the stabilized inlet distance of the oil
reservoir increases to 150 μm. At this time, the added
water droplet only stays at the entrance for a short
period of time, but cannot break through the oil
meniscus. After a while, the water droplet slips out of
the inlet area and remains outside the oil reservoir.
However, with a 10 μL oil supply, the inlet distance is
only 50 μm, and the free water drop can break through
the oil film in the inlet and enter the contact area.
The inlet distance was then maintained at 50 μm.
A 50 μm inlet distance was achieved at a speed of
100 mm/s by reducing the total oil supply to 5 μL. The
experimental results are shown in Fig. 7. As long as
the inlet distance is maintained at 50 μm, even when
the rolling speed decreases to 100 mm/s, the free water

4.2 Decisive factor of a water droplet to enter a
lubricating contact
For the case of the 10 μL oil supply, it is found that
the critical condition for the free water droplet to

Fig. 5 Comparison of the oil film inside and outside of the rolling
track at different speeds.

Fig. 6 Impact of water on the inlet of the reservoir with different
amounts of oil supply at a constant speed of 350 mm/s.
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caused by the low viscosity of water and the sheared
free water can also continuously wash the oil on the
rolling track, causing the film thickness to drop sharply.
4.3

Fig. 7 Water droplet impact on the inlet of the oil reservoir at
different speeds with constant inlet distance of 50 μm.

droplet can still pass through the contact area in 3 s,
which decreases the film thickness.
Based on the above analysis, the inlet distance is
the decisive factor for the free water droplet to enter
the contact area. It should be noted that the critical
inlet distance may change according to the size of the
water droplet, oil viscosity, and size of the contact
area, which is of interest and will be studied in future
work.
In this study, the critical condition of a water droplet
of 2 μL to enter the contact area at different oil supply
values is summarized in Table 1. The inlet distance
is the decisive factor determining whether the water
droplets can pass through the contact area. The ratio
of the critical inlet distance SInlet and the radius of the
contact area RHertz is as follows:
I  SInlet / RHertz  0.5

(2)

When the ratio is less than this critical value, the free
water droplet can break through the lubricating film
connecting the two parts of the oil reservoir and
entering the contact area. The inlet pressure drop

Emulsification of oil by free water under starved
condition

Owing to the shear effect of the contact zone, the free
water droplet is divided into small droplets, which
combine with the lubricating oil to form a water/oil
emulsion. This emulsion also affects the lubrication
characteristics of the contact area.
Figure 8 shows the comparison results of the oil
reservoir with and without the impact of the water
droplet at different speeds. At 100 mm/s, the water
droplet does not affect the oil reservoir; at 350 mm/s,
several large water droplets are observed in the oil
reservoir around the contact zone, which proves that
the water droplet can be sheared apart after passing
through the contact; at 700 mm/s, the free water
droplet is completely sheared into a large number of
small water droplets (approximately less than 10 μm
in diameter), and dispersed evenly throughout the oil
reservoir. This process is similar to the emulsification
process. Furthermore, the small droplets can stably
remain in the oil reservoir without gathering during
our observation.
According to Ref. [6], for a water/oil emulsion
lubricating system under the fully flooded condition,
the water particles may increase the viscosity of the
lubricant, which contributes to the increase in film
thickness. However, the present results show that
the central film thickness might decrease for such
lubricating systems if the contact is not fully rinsed in
the oil bath, or the contact is under starved conditions.
It is worth noting that in Ref. [6], the entire emulsion
system was pre-made before the experiment was
conducted; however, in the present study, the final
emulsion system was gradually formed during rolling
and shearing. These are two different flow dynamics

Table 1 Critical condition of water droplet to enter the contact
area under different oil supply values.
Oil supply
(μL)

Critical speed
(mm·s-1)

Critical inlet
distance (μm)

Contact
radius (μm)

15
10
5

500
350
100

50
50
50

100
100
100

Fig. 8 Influence of water on the oil reservoir under different
speeds.
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and lubrication mechanisms, which cannot be compared directly.
4.4

Water droplet invading superheated reservoir

The process of a water droplet invading the superheated
oil reservoir is shown in Fig. 9. The water droplet
sprays and evaporates violently as soon as it touches
the high-temperature ball. Although many water
droplets splash on the lower surface of the disk
around the oil reservoir, most of them still enter the
oil reservoir.
The diffusion of the water droplets in the superheated oil reservoir is shown in Fig. 10. The water close
to the atmosphere gradually decreases and contracts
to the oil reservoir because of the outward diffusion
of molecules. After 3 min, the two water droplets
decrease gradually and completely contract into the
oil reservoir. The oil has an enormous resistance to
the diffusion of the water droplets inside it. Although
the temperature of the contact zone is considerably
higher than the boiling point of the water, these small
water droplets can exist stably in the superheated
oil reservoir for a long time, which is bound to cause
long-term damage to the lubrication formation of the
mechanical system.

Fig. 9 Process of water drop invading superheated oil reservoir.

Fig. 10 Diffusion of water droplets in the superheated oil
reservoir.

5

Conclusions

According to the results and analysis of the film
thickness and oil reservoir characteristics, the influence
of free water on film-forming characteristics under
the condition of micro oil supply can be summarized
as follows:
1) When a free water droplet rushes (entering) to
the contact area under progressive or catastrophic
lubricant starved conditions, it is stuck at the entrance
of the oil meniscus, which significantly affects the
reflow caused by capillary action at the entrance. This
causes or aggravates contact starvation.
2) The ratio between the inlet distance and radius
is the decisive factor in determining whether a water
droplet can pass through the contact area. In the present
study, when this ratio was less than 1/2, the free water
droplets broke through the oil film, and were gradually
sheared into the contact. The sheared water droplets
continuously washed the track, reducing the film
thickness. When the lubricant starvation was progressive,
only the oil film adhered on the track was involved in
the film formation; therefore, the water drop erosion
significantly increased the starvation in the contact
area.
3) Free water droplets can be sheared into small
water droplets, and the oil reservoir is emulsified into
a water/oil emulsion system. It was observed that the
central film thickness of the contact decreased under
such conditions.
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4) After the water droplet invades the superheated
oil reservoir, it is easy to form a partially fused water/
oil droplet. Significant inhibition of the oil film on the
evaporation and diffusion of water molecules in the
superheated system was observed. These small water
droplets can exist stably in the oil reservoir for a long
time, which is bound to harm the lubrication of the
mechanical system.
In conclusion, the existence of free water in lubricating
oil can be harmful even before the change in physical
and chemical properties such as acidification and
oxidation, particularly under EHD starvation lubrication
conditions, which further aggravate the degree of
contact starvation, thus sharply reducing the EHD film
thickness and causing wear.
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